Continuous arterial spin labeling MRI with a separate neck labeling coil provides a highly sensitive method to image cerebral blood flow (CBF). In mice, however, this has not been possible because the proximity of the neck coil to the brain uses the neck coil to significantly saturate the brain signal. To overcome this limitation the cardiac spin labeling (CSL) technique is introduced in which the labeling coil is placed at the heart position. Cerebral blood flow (CBF) is tightly regulated and intricately coupled to basal metabolic function under normal physiologic conditions. Perturbations of basal CBF and stimulus-evoked CBF responses have been implicated in many neurological diseases such as stroke, brain tumor, and neurodegeneration. CBF MRI is becoming increasingly popular because it is noninvasive and has high spatial resolution. CBF MRI commonly employs: 1) the dynamic susceptibility contrast (DSC) technique by administering a bolus of an exogenous intravascular contrast agent, or 2) the arterial spin labeling (ASL) technique by magnetically labeling the endogenous water in the in-flowing blood (see review, Ref. 1). The DSC technique is efficient but has relatively low spatial resolution and is incompatible with real-time CBF functional MRI (fMRI) measurements because the long half-life of the exogenous contrast agent allows only one measurement per bolus injection. ASL, on the other hand, allows multiple repeated CBF measurements because the magnetically labeled water has a favorable short half-life (blood T 1 of Ϸ2.0 sec), which can be used for dynamic fMRI measurements, augmentation of spatial resolution, and/or signal-to-noise ratio (SNR).
Cerebral blood flow (CBF) is tightly regulated and intricately coupled to basal metabolic function under normal physiologic conditions. Perturbations of basal CBF and stimulus-evoked CBF responses have been implicated in many neurological diseases such as stroke, brain tumor, and neurodegeneration. CBF MRI is becoming increasingly popular because it is noninvasive and has high spatial resolution. CBF MRI commonly employs: 1) the dynamic susceptibility contrast (DSC) technique by administering a bolus of an exogenous intravascular contrast agent, or 2) the arterial spin labeling (ASL) technique by magnetically labeling the endogenous water in the in-flowing blood (see review, Ref. 1) . The DSC technique is efficient but has relatively low spatial resolution and is incompatible with real-time CBF functional MRI (fMRI) measurements because the long half-life of the exogenous contrast agent allows only one measurement per bolus injection. ASL, on the other hand, allows multiple repeated CBF measurements because the magnetically labeled water has a favorable short half-life (blood T 1 of Ϸ2.0 sec), which can be used for dynamic fMRI measurements, augmentation of spatial resolution, and/or signal-to-noise ratio (SNR).
ASL can be performed using the same coil or separate coils for labeling and imaging. The latter approach yields improved CBF SNR because magnetization-transfer effect is avoided. While continuous ASL using a separate neck labeling coil is commonly employed in rats (2), humans (3), and monkeys (4), its extension to mice has not been possible because the proximity of the neck coil and the brain coil (Ϸ1 cm from center to center) results in significant saturation of the brain signal by the neck coil, causing significant CBF measurement errors. This occurs even when the coils are actively decoupled, coil sizes are minimized, and the intercoil distance is maximized. CBF using other MRI techniques in mice is sparse; only a few CBF studies using the single-coil ASL method (5, 6 ) and the DSC method (7) have been reported. This study introduces a practical means to overcome the above limitations. This approach is referred to as the cardiac spin labeling (CSL) technique in which continuous spin labeling is performed with a separate labeling coil placed at the heart position to avoid saturation of the brain signal. To demonstrate its utility, multislice echo-planarimaging was employed to image quantitative basal CBF and CBF fMRI associated with hypercapnic challenge.
MATERIALS AND METHODS

Animal Preparations
Mice (C57BL6, 21-28 g, 6 -10 weeks, n ϭ 9) were imaged under Ϸ1.2% isoflurane and spontaneous breathing conditions. Measurements of labeling efficiency, CBF, and hypercapnia-induced CBF changes were made. Animals were placed in a custom-made animal holder with ear and mouth bars. Respiration rate (80 -130 bpm) and rectal temperature (37 Ϯ 0.5°C) were continuously monitored and maintained within normal physiological ranges unless otherwise perturbed. All mice recovered from anesthesia at the end of the MRI, lasting up to 4 hr, during which multiple measurements were made.
Hypercapnic Challenges
Hypercapnic challenge used a premixed gas of 5% CO 2 with 30% O 2 and balance N 2 . The baseline was 30% O 2 with balance N 2 to ensure proper oxygenation under anesthesia. Each trial consisted of 3.5-min baseline and 3.5-min hypercapnia. A 10-min break was given between trials for the animals to return to normal physiologic conditions (8) . Two to four repeated measurements for each gas condition were typically made.
MRI Methods
MRI studies were performed on a 7 T/30 cm magnet and a 150 G/cm B-GA6S gradient insert (Bruker, Billerica, MA). Mice were placed onto a head holder consisting of ear and tooth bars. A small circular surface coil (ID ϭ 1.1 cm) was placed on top of the head. A circular labeling coil (ID ϭ 0.8 cm), built into the cradle, was placed at the heart position for continuous CSL. The two coils were positioned parallel to each other, separated by 2 cm from center to center, and were actively decoupled.
Labeling efficiency was measured using conventional gradient-echo acquisition with field of view (FOV) ϭ 1.1 ϫ 0.8 cm or 1.1 ϫ 1.1 cm, matrix ϭ 128 ϫ 128, slice thickness ϭ 1 mm, TE ϭ 4.57 ms, 1 slice, labeling duration ϭ 300 ms, 5-7 variable powers, and a TR ϭ 313 ms. The short TR was used to saturate static brain signal for better delineation of the blood vessels, while steady-state labeling could still be achieved in large arteries.
Blood-flow MRI was acquired using the CSL technique with gradient-echo EPI. Paired images were acquired in an interleaved fashion. The continuous CSL employed a 2.1-sec square RF pulse to the labeling coil in the presence of 2.0 G/cm gradient (2, 9) . The sign of the frequency offset was switched for nonlabeled images. The other MRI parameters were: FOV ϭ 1.28 ϫ 1.28 cm, matrix ϭ 64 ϫ 64 (single-shot EPI) or 128 ϫ 128 (four-shot EPI), slice thickness ϭ 1 mm, 9 slices, labeling duration ϭ 2.1 sec, TR ϭ 2.6 sec per segment, and TE ϭ 10 ms.
Data Analysis
Image analysis employed codes written in MatLab (MathWorks, Natick, MA) and STIMULATE software (University of Minnesota). Basal CBF data were derived from measurements before physiologic stimulations.
Labeling efficiency was calculated from the arrayed labeling power data using ␣ ϭ (S NL -S L )/(2 S NL ), where S NL and S L are the signal intensities in the arteries of the nonlabeled images and labeled images, respectively, with the optimal labeling power. The optimal labeling power was obtained when the arterial signals reached plateau with increasing power. The vessels employed for the labeling efficiency calculations were the distal internal carotid arteries at the base of frontal lobe. Blood-flow signals (S CBF ) in the brain with intensity in units of mL/g/min were calculated using (9), where S NL and S L are signal intensities of the nonlabeled and labeled images, respectively. , the water tissue-blood partition coefficient, was taken to be 0.9, and whole-brain T 1 at 7 T was taken to be 1.7 sec (9). The labeling efficiency ␣ was measured to be 0.73 (see Results).
CBF fMRI percent changes in the response to hypercapnia were analyzed. Quantitative CBF analysis employed regions of interest (ROIs), including the whole brain, frontal cortex, sensory-motor cortex, corpus callosum, hippocampus, caudate putamen, thalamus, inferior colliculus, superior colliculus, pons, and cerebellum.
RESULTS
The schematic of the CSL setup is shown in Fig. 1 . The optimal peak-to-peak labeling power, measured at the connection to the RF coil accounting for attenuation of the long RF cable, was 6 mW. Given the low power employed and highly perfused heart tissue, heating is not expected to be an issue. Labeling efficiency was determined to be 0.73 Ϯ 0.06 (n ϭ 5), measured at the distal internal carotid arteries at the base of frontal lobe.
Quantitative CBF images at 200 ϫ 200 ϫ 1000 m ( Fig.  2A) and 100 ϫ 100 ϫ 1000 m (Fig. 2B) show heterogeneous blood-flow contrast, as expected. CBF is lower in the corpus callosum (white matter) compared to gray matter. Note that CBF in the cerebellum and brain stem could be imaged, in contrast to two-coil ASL CBF in rats where the cerebellum and brain stem are often not reported due to saturation artifacts by the neck labeling coil. The wholebrain CBF was 1.07 Ϯ 0.08 mL/g/min (n ϭ 5). Regional CBF values, obtained from different ROIs (shown in Fig.  2C ) are summarized in Table 1 . The CBF fMRI time course responding to hypercapnic challenge from a single measurement from one animal is shown in Fig. 3 . The groupaveraged hypercapnia-induced CBF percent change was 33 Ϯ 16% (n ϭ 5).
DISCUSSION
This study demonstrates a practical approach to image quantitative CBF and physiologically evoked CBF changes in mice using the continuous spin labeling technique with a cardiac labeling coil. This CSL CBF technique overcomes existing limitations and offers the following advantages: 1) Multislice high-resolution CBF images and CBF fMRI can be obtained with high sensitivity without magnetizationtransfer effect. 2) The distance between the heart and the brain in mice (Ϸ2 cm) avoids saturation of the brain signal by the label coil. 3) CBF of the cerebellum and brain stem could be imaged in contrast to two-coil ASL CBF in rats where the cerebellum and brain stem are often not reported due to saturation artifacts by the neck labeling coil. Moreover, CBF MRI in other body parts within reasonable transit time, such as the kidneys and liver, might be possible. 4) Finally, decoupling circuitry may be unnecessary for CSL CBF MRI given the distance between the two coils, especially in rats. In sum, CSL CBF MRI has the potential to broaden CBF MRI utility in mice and other similar size species.
Potential Errors in Absolute CBF Values
Quantitative CBF measurement by MRI is susceptible to errors, which include magnetization-transfer, transit-time, and water-exchange effect (see review, Ref. 1). Magnetization-transfer effect was not an issue for cASL herein because a separate labeling coil was used and all RF coils were actively decoupled. In almost all ASL measurements to date, including ours, a single arterial transit time was used because of the difficulty in obtaining it in an image form and CBF is weakly dependent on arterial transit times within the physiologic ranges. Because of the sequential multislice acquisition, different image slices may have a slightly different transit time. The water-exchange effect on CBF quantification is complex, depending on the precise difference between blood T 1 and tissue T 1 , blood flow values, the extent of water exchange, magnetic field strength, CBF measurement techniques, and CBF calculation models, among others. Some of these effects counterbalance each other. In this study we employed a widely used single-compartment CBF quantification model that ignores water exchange. Improving absolute CBF quantification remains an active area of research.
Cross-validation with other techniques, such as microsphere and iodoantipyrine, may be helpful but was not performed here. These techniques are also susceptible to errors such as particle size, concentration, and postmortem artifacts, among others.
Labeling Efficiency
Our labeling efficiency of 0.73 Ϯ 0.06 is consistent with the majority of published data, namely: 0.7 (3) at 1.5-3 T, 0.75 at 4.7 T (10), and 0.8 at 9.4 T (11). The labeling efficiency in our study was measured at the imaging plane (as opposed to the carotid arteries in the neck), and thus labeling efficiency takes into account the transit time. This approach avoids the need for measuring transit time, which is difficult to measure using ASL.
In our initial measurements of labeling efficiency in the carotid arteries under the cerebellum, the labeling efficiency was surprisingly low (Ϸ0.63). Labeling efficiency was measured at three different slice positions from the carotid arteries under the cerebellum to the distal internal carotid arteries under the frontal lobe (covering Ϸ7 mm range). Contrary to expectation, labeling efficiencies increased from 0.63 at the carotid arteries under the cerebellum to 0.73 at the distal internal carotid arteries in the   FIG. 3 . Whole-brain CBF time course responding to 5% CO 2 (30% O 2 ϩ balance N 2 ) relative to baseline (30% O 2 ϩ balance N 2 ) from a single measurement in one mouse. middle and frontal slices. This observation indicated that there were saturation effects by the cardiac labeling coil due to proximity. Thus, it is important that labeling efficiency be measured at the distal internal carotid arteries under the frontal lobe, which was verified to have no saturation effect from the cardiac labeling coil in our setup.
FIG. 2. Multislice CBF image at (a)
200 ϫ 200 ϫ 1000 m and (b) 100 ϫ 100 ϫ 1000 m. c: ROIs overlaid on anatomical CBF image used for regional CBF
Quantitative CBF
The whole-brain CBF in mice was 1.07 Ϯ 0.08 mL/g/min under 1.2% isoflurane. Our quantitative CBF in mice is consistent with CBF values in rats, which ranged from 0.76 to 1.1 mL/g/min (8, 12) , obtained using continuous ASL MRI with a separate neck coil under essentially identical experimental conditions. Quantitative CBF measurements in mice have also been reported using destructive techniques, predominantly measured using iodoantipyrine autoradiography and microsphere, and these CBF values were 0.78 -1.25 mL/g/min under ketamine/xylazine (13) and 0.5-1.0 mL/g/min under equithesin anesthesia (14) . Our results are in reasonable agreement despite different anesthetics. However, our CBF values in mice are slightly lower than those in mice obtained using the single-coil ASL technique, which reported 1.7-2.8 mL/g/min under 2% isoflurane (6) and 1.5-2.0 mL/g/min under 1% halothane (5) among different brain regions. These single-coil approaches imaged one slice at comparatively lower spatial resolution. It is important to note that isoflurane is a known vasodilator. Previous studies have shown that rat CBF under 1% isoflurane anesthesia was substantially higher than under awake conditions in the same animals (15) and under ␣-chloralose in separate animals (16) . Moreover, increasing isoflurane from 1% to 2% has been reported to increase CBF from 0.87 Ϯ 0.27 to 1.31 Ϯ 0.30 mL/g/min in the same animals (17) . Halothane has been reported to be have a stronger vasodilatory effect than isoflurane (18) . In short, the minor discrepancy between our value and single-coil ASL technique could be due to technique (including CBF model equation) and anesthetics.
CBF fMRI of Hypercapnic Challenge
The CBF percent change was 33 Ϯ 16%. We did not find similar mouse CBF fMRI studies for comparison. Hypercapnia-induced CBF changes in mice on the artificial surface, as measured by laser speckle flowmetry, have been reported to increase 40 -55% under ␣-chloralose and 15% under 1% isoflurane (19) , and 60 -75% under urethane/␣-chloralose (20) . In rats, hypercapnia-induced CBF increase has been reported as 60%, using MRI (8) and under essentially identical experimental conditions. Similar hypercapnia-induced CBF increases have also been reported in awake humans. Our hypercapnia-induced CBF increases in mice are comparable to those made in mice using laser speckle flowmetry. The change is slightly low compared to measurements made under different anesthetics and in rats using MRI. This may be explained by the use of isoflurane, which attenuates vascular responses (19) .
CONCLUSIONS
This study demonstrates a simple and practical approach to image CBF in mice using a separate cardiac labeling coil. Whole-brain CBF, including those of the cerebellum and brain stem, can be imaged. The SNR, spatiotemporal resolution, multislice, and fMRI capability of CSL CBF MRI compares favorably with existing approaches for mice. This approach could provide a valuable tool to study numerous brain disease and transgenic models available in small animals, including stroke and Alzheimer's disease.
